We have studied the vibrational properties of Li 4 RuH 6 , consisting of the lightest Li + metal cation, and the octahedral [RuH 6 ] 4¹ complex anion by Raman and Fourier Transform Infrared (FTIR) spectroscopies and first-principles calculations. The Li + forms a cubic framework with the [RuH 6 ] 4¹ inside as the local atomic arrangement of Li 4 RuH 6 , which is similar to that of a related MA 2 RuH 6 with a divalent metal cation MB (MB = Mg, Ca, Sr, Ba, and Yb). Comparing the vibrational studies on Li 4 RuH 6 with MB 2 RuH 6 , the peak frequencies for the antisymmetric RuH stretching mode (¯a nti-str ) showed a reasonable relationship with the RuH bond distances (d RuH ) in [RuH 6 ] 4¹ , with higher peak frequencies for shorter bond distances according to the linear relation¯a nti-str = 10052 ¹ 4990 © (d RuH ).
Introduction
Transition metal elements T belonging to group 8 in the periodic table, i.e., Fe, Ru, and Os, are known to primarily form octahedral [T H 6 ] 4¹ complex anions with hydrogen. These complex anions ionically bond with metal cation M n+ (n = 1, 2: valence of a metal cation, M) to form a T-based complex hydride M 4 (T H 6 ) n . 14) Among metal cations, Li + is particularly interesting due to the its mass, which is the lowest of all metals. Because of this, the complex hydride Li 4 T H 6 has a higher gravimetric hydrogen density than other alkali metals. Recently, novel Li 4 FeH 6 (6.7 mass%) was synthesized by hydrogenation of a mixture of LiH and Fe powders at high temperatures and high pressures, on the basis of the theoretical prediction of first-principles calculations. 5, 6) Thus, owing to the high hydrogen density, Li 4 T H 6 has potential as a hydrogen storage material.
From X-ray and neutron diffraction and first-principles calculations, the crystal structure of Li 4 T H 6 has been elucidated to have a trigonal K 4 CdCl 6 -type structure in the space group R 3c (No. 167) and Z = 6 ( Fig. 1 ). 57) The unit cell parameters are summarized in Table 1 . Transition metals T are octahedrally coordinated by six hydrogen atoms to form an octahedral [T H 6 ] 4¹ complex anion with T-H distances of 1.61, 1.71, and 1.71 ¡ for T = Fe, Ru and Os, respectively. The local atomic arrangement can be described by Li atoms with two crystallographically different sites (Li1 and Li2) forming a slightly distorted cube containing [T H 6 ] 4¹ inside. Each cube is linked by corner-sharing (Li atoms), with the Li1 atoms in the c-direction and the Li2 atoms perpendicular to the c-direction. Interestingly, the local atomic arrangements within the framework of Li atoms containing each [T H 6 ] 4¹ are similar to the related compound MB 2 T H 6 (MB = divalent metal cation), in spite of the different crystal structure for MB 2 T H 6 (face-centered cubic K 2 PtCl 6 -type structure). 1, 2) Each cube in MB 2 T H 6 is connected by edge-sharing. distances were observed before hydrogen release. 8, 9) However, to the best of our knowledge, atomic vibrations in Li 4 T H 6 have not been studied. Therefore, in this study, we have measured Raman scattering and Fourier Transform Infrared (FTIR) absorption spectra for Li 4 RuH 6 , and made mode assignments for the observed vibrational peaks with the help of first-principles calculations. Li 4 RuH 6 has the same crystal structure as Li 4 FeH 6 and Li 4 OsH 6 , and thus their vibrational spectral data is expected to provide insight into the T-H vibration in [T H 6 ] 4¹ . Li 4 RuH 6 , which is thermodynamically more stable than Li 4 FeH 6 and contains the transition metal element Ru, lighter than Os, can be synthesized under moderate conditions (hydrogen pressure: < 1 MPa; temperature: <800 K). 7) We will discuss the relationship between peak frequencies of the antisymmetric RuH stretching modes and RuH bond distances for Li 4 RuH 6 , and derive a general trend using a series of Ru-based complex hydrides MB 2 RuH 6 (MB = Mg, Ca, Sr, Ba, and Yb) 1016) with the similar local atomic arrangements.
Experimental and Calculation Procedures

Synthesis
Li 4 RuH 6 was synthesized from mechanochemical milling of LiH (Alfa Aesar, 99.4%) and Ru (Kojundo Chemical Laboratory Co., Ltd., 99.9%) with a molar ratio of 4 : 1 and subsequent heat treatment under hydrogen gas at 1 MPa at 753 K for 12 h.
Characterizations
The morphology and the crystal structure of the synthesized samples were characterized by scanning electron microscopy (JEOL JSM-6009, 15 kV) and X-ray powder diffraction (PANalytical X'PERT diffractometer) using Cu K¡ radiation ( = 1.5406 ¡ for K¡ 1 and 1.5444 ¡ for K¡ 2 ). In order to estimate the quality of the Li 4 RuH 6 sample, Rietveld refinement on the X-ray diffraction pattern was performed using GSAS 17) with the graphical interface EXPGUI (version 1.80). 18) In the Rietveld analysis, the pseudo-Voigt peak shape function with the FingerCox Jephcoat asymmetry correction 19, 20) was used.
The vibrational spectra of Li 4 RuH 6 were measured using Raman (Nicolet Almega-HD with a Nd:YVO 4 laser (532 nm)) and FTIR (Thermo Scientific Nicolet iZ10) spectroscopies. For the Raman spectroscopic studies, the sample was placed under Ar gas in a sample holder with a glass window, and spectra were measured using the backscattering configuration with a microscope Raman spectrometer. For the FTIR spectroscopic studies, a thin sample, approximately a few µm thick, was prepared in an Ar-gas-filled diamond anvil cell, and transmission spectra were measured with a microscope FTIR spectrometer.
All samples were handled in an Ar-gas-filled glove box with a dew point below 183 K and with less than 1 ppm of O 2 to avoid hydro-oxidation.
First-principles calculations
The calculations reported here were performed using plane-wave basis sets and the projector augmented-wave method 21, 22) within the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof, 23) as implemented in the Vienna Ab-Initio Simulation Package (VASP). 24, 25) We first performed the structure optimization starting from the experimentally determined K 4 CdCl 6 -type structure 7) using plane-wave basis sets with cutoff energies of 800 and 7200 eV for wavefunction and charge density, respectively, and a 4 © 4 © 4 special k-point sampling of the Brillouin zone, which well reproduced the experimental data. 7) Subsequently, the ¥-point phonon calculation was performed using a 22-atom primitive unit cell of Li 4 RuH 6 with cutoff energies of 800 and 7200 eV for wavefunction and charge density, respectively, and an 8 © 8 © 8 special k-point mesh. Figure 2 shows X-ray diffraction patterns, scanning electron microscopic images (secondary electron images (SEI) and backscattered electron images (BEI)) of the asmilled and hydrogenated samples. In the X-ray diffraction pattern of the as-milled samples, peaks were mainly identified as originating from Ru. No peaks of LiH were observed due to its low X-ray scattering factor. By contrast, the electron microscope images clearly show texture in the as-milled sample. The BEI shows bright and dark (i.e., no scattering) areas, while the SEI shows the aggregation of particles in the corresponding dark areas. This indicates that the sample is a mixture of heavy (i.e., Ru) and light (i.e., LiH) elements. In the X-ray diffraction pattern of the hydrogenated sample, peaks from Li 4 RuH 6 dominate with minor peaks corresponding to unreacted Ru. The SEI and BEI images are also homogeneous, indicating that the as-milled mixture was entirely hydrogenated to form Li 4 RuH 6 .
Results and Discussions
Synthesis
In order to estimate the quality of the Li 4 RuH 6 sample, Rietveld refinement was performed with the X-ray diffraction data. The previously reported crystal structure of Li 4 RuD 6 7) was taken as the starting point for the refinements. Hexagonal Ru, a = 2.7087(2) ¡ and c = 4.2870(5) ¡, was added as a second phase in the refinement. The resulting fit shows reasonably good agreement with the experimental data with R wp = 0.0721 (Fig. 3) . The final refinement gave 88 mass% of Li 4 RuH 6 , and then dominating in the sample. The crystallographic parameters for Li 4 RuH 6 used in the Rietveld refinement are listed in Table 2 (see Fig. 1 for the crystal structure). All the atomic positions agree with the previously reported crystal structure. 7) The larger unit cell volume of our Li 4 RuH 6 sample (V = 580.11 ¡ 3 ) compared to the previously reported deuteride (V = 576.16 ¡ 3 ) is due to the isotope effect. Our hydride sample was used for the vibrational spectroscopic measurements. Figure 4 shows the Raman and FTIR spectra of Li 4 RuH 6 . The Raman spectrum shows three peaks at approximately 215, 852, and 1795 cm ¹1 , whereas the IR spectrum shows two peaks at approximately 574 and 1527 cm ¹1 (peak positions are taken from the peak top in each spectrum). We then performed ¥-point phonon calculation to assign the experimentally observed vibrational modes. The results are summarized in Table 3 . Since the primitive unit cell of Li 4 RuH 6 consists of 22 atoms, there are in total 63 optical phonon modes: 22 Raman active modes (4A 1g and 9E g ) and 23 IR active modes (5A 2u and 9E u ). The calculated phonon modes are roughly divided into four groups: the Li translational modes and the RuH 6 librational modes (trans./lib.) below 530 cm ¹1 , the RuH bending modes (bend.) at 699 832 cm ¹1 , the antisymmetric RuH stretching modes (antistr.) at 14451508 cm ¹1 , and the symmetric RuH stretching modes (sym-str.) at 17851808 cm ¹1 . Comparison of the observed peak frequencies and calculated phonon frequencies allows mode assignments of Raman active translational and librational, IR active translational and librational, Raman active bending, IR active antisymmetric stretching, and Raman active symmetric stretching modes at 215, 574, 852, 1527, and 1795 cm ¹1 , respectively. To further investigate the antisymmetric stretching modes, we considered the relationship between the peak frequencies of the RuH antisymmetric stretching modes and the RuH bond distances for a series of Ru-based complex hydrides with [RuH 6 ] 4¹ . According to the reports on Ru-based complex hydrides with divalent metals, MB 2 RuH 6 (MB = Mg, Ca, Sr, Ba, and Yb), 1016) the peak frequencies show a tendency to increase with decreasing RuH bond distances or the unit cell parameters. 814) Since MB 2 RuH 6 and Li 4 RuH 6 adopt different structures (face-centered cubic K 2 PtCl 6 -type and trigonal K 4 CdCl 6 -type structure, respectively), we focused on the comparison between RuH stretching modes and RuH bond distances in [RuH 6 ] 4¹ contained in both Li 4 RuH 6 and MB 2 RuH 6 . 7, 1016) The peak frequencies of the antisymmetric RuH stretching modes (¯a nti-str. ) are plotted as a function of the RuH distances (d RuH ) in Fig. 5 . It is clearly seen that the peak frequencies decrease with increasing RuH bond distances and, following Badger's rule, 26, 27) they can be fit well with an approximate straight line¯a nti-str = 10052 ¹ 4990 © (d RuH ). It should be worth here comparing the local atomic arrangements in the crystal structures of Li 4 RuH 6 and MA 2 RuH 6 . As mentioned above, Li 4 RuH 6 and MB 2 RuH 6 are commonly built up by similar cubes formed by metal cation frameworks containing [RuH 6 ] 4¹ ; thus their local atomic arrangements are similar. Therefore, the relationship between anti-str. and d RuH shows qualitatively reasonable tendency in spite of the different crystal structures of Li 4 RuH 6 and MB 2 RuH 6 . However, the cubes in Li 4 RuH 6 are linked by corner-sharing, as shown in Fig. 1 , and the ones in MB 2 RuH 6 by edge-sharing. 1, 2) This indicates that Li 4 RuH 6 has less interaction between neighboring cubes than MB 2 RuH 6 . This might explain the greater statistical dispersion in the peak frequencies in MB 2 RuH 6 .
Vibrational properties
Conclusion
We measured Raman and FTIR spectra for the light-weight alkali metal complex hydride, Li 4 RuH 6 , and the mode assignment of the observed vibrational peaks was made on the basis of the ¥-point phonon calculation. The antisymmetric stretching frequencies of [RuH 6 ] 4¹ complex anions were compiled for Li 4 RuH 6 and MB 2 RuH 6 , providing an approximate linear relation between the frequency and RuH distance expressed by¯a nti-str (cm ¹1 ) = 10052 ¹ 4990 © d RuH (¡). A similar study of a series of the sister complex anion [FeH 6 ] 4¹ complex anions (Li 4 FeH 6 , Mg 2 FeH 6 and so on) will provide more general insight into the vibrational properties of complex transition metal hydrides. The labels on each point represent the alkaline earth metals MB in MB 2 RuH 6 . The average RuH bond distances were determined from the deuterides. 7, 10, 11) The gray line is a straight line fit of the plot.
